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Effect of heavy cation doping on thermal properties of
LaMnO3
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Abstract : Effect of heavy cation doping (Ca2+ at the A-site) on the thermal properties of perovskite LaMnO3
has been investigated using the Rigid Ion Model (RIM)). As strong electron-phonon interactions are present in
these compounds, the lattice part of the specific heat deserves proper attention. The specific heat of
magnetoresistance compound La0.25Ca0.75MnO3 as a function of temperature (10 K ≤ T ≤ 300 K) is reported. Our
results on specific heat are in good agreement with the measured values of specific heat at lower temperatures.
In addition, the results on the cohesive energy (φ), molecular force constant (f ), Restrahalen frequency (ν0),
Debye temperature (ΘD) and Gruneisen parameter (γ) are also discussed.
Keywords : Specific heat, thermodynamic properties, Debye temperature, thermal properties, manganites.
PACS Nos. : 65.40.b, 65.40.Ba, 67.80.Gb, 78.30.Hv
1. Introduction
LaMnO3, the parent compound of colossal magnetoresistance material was studied long
back by Yankel [1a] and Wollen and Koehler [1b] and it was established that
stoichiometric LaMnO3 is orthorhombic belonging to the space group Pnma while
CaMnO3 is cubic having space symmetry Pm3m and both are antiferromagnetic
insulator. But the solid solution of the two compounds can be an antiferromagnetic
insulator, ferromagnetic metal or change-ordered insulators depending on the doping
concentration, temperature and pressure [2]. This unexpected rich phase diagram is
due to the small but relevant distinction in the crystal structures. Although both the
compounds are perovskites; but LaMnO3 consists of the deformed MnO3 octahedra
(due to Jahn-Teller Effect), whereas the octahedra are perfect in CaMnO3. In case of
Ca doping in LaMnO3, following the Goldschmidt’s tolerance factor, the replacement of
La3+ (ionic radius r = 1.03 Å) by Ca2+ (r = 0.99 Å) leads to the stabilization of the
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orthorhombic structure at higher temperatures [3] but the structure of La0.25Ca0.75MnO3
is highly distorted within Pnma space symmetry [4,5]. The high strain energy of this
compound can be attributed to the cubic structure of CaMnO3 adjusting in the
orthorhombic setting of LaMnO3. In very heavily doped compounds (x > 0.75) the
competition between the two structures may result in charge ordered layers of cubic
CaMnO3 alternating with strained LaMnO3 layer [7].
The manganites are known to have strong electron-phonon coupling which affects
its physical properties substantially. Thermodynamical study of manganites plays an
important role in understanding the behaviour of manganites, as many properties are
attributed to ‘electron-phonon’ interaction. Recently Qian et al [4] and Zheng et al [6]
have studied the heavily doped La1–xCaxMnO3 (x > 0.5) and reported the specific heat
of the compounds in the temperature range 50 K to 300 K and 10 K to 300 K
respectively. Motivated by these results, we thought it pertinent to apply Rigid Ion
Model to compute the static thermal properties of LaMnO3 and La0.25Ca0.75MnO3 to
ascertain the role of heavy doping. The temperature dependence of specific heat at
constant volume of La0.25Ca0.75MnO3 in the temperature range 10 K ≤ T < 300 K using
the Debye approach is also reported.
The interaction potential used to study the thermal properties of doped manganites
is given in the next section. The results and discussion are given in the successive
section.
2. Interaction potential
We have formulated the Rigid Ion Model (RIM) by including the long-range coulomb, the
short-range Hafmeister-Flygare [8] type overlap repulsion extended up to second
neighbour atoms and van der Waal’s dipole-dipole interaction term. The potential
describing the interatomic interactions is expressed [10–14] by :
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The various terms in eq. (1) have their usual meaning as defined in our earlier papers
[10–14]. Here, k(k ′) denotes the positive (negative) ion and the sum is taken over all
the ion pairs, βkk ′ is the Pauling coefficient [8(a)] given by :
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Zk(Zk ′) and Nk(Nk ′) are the valence and number of electrons in the outermost orbit. rk
(rk ′) is the ionic radii of k(k ′) ion. n(n′) is the number of nearest (next nearest)
neighbour ions, bi and ρi (i = 1, 2) are the hardness and range parameters for the i-th
cation-anion pair, respectively.
The contributions of van der Waal’s (vdw) forces for the dipole-dipole interactions
are determined by using the Slater-Kirkwood Variational (SKV) method [9] and are
defined in our earlier papers. The model parameters, hardness (b) and range (ρ)
parameter, are determined from the equilibrium condition (eqn. 3)
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and the bulk modulus (eqn. 4)
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where K is the crystal-structure-dependent constant and rO is the equilibrium nearest
neighbour distance. The model parameters (b1, ρ1 for the ion pair Mn-O and b2, ρ2 for
the ion pair La/Ca-O) obtained from the eqs. (2) and (3) have been used to compute
the thermal properties of La0.25Ca0.75MnO3.
The lattice specific heat is calculated using the formula
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here R is the universal gas constant and θD is Debye temperature. The integral was
solved numerically and the computer generated values of the expression were used to
evaluate the lattice specific heat at constant volume in the temperature range 10 K ≤
T ≤ 300 K. The Debye temperature (θD) is given by the expression
D
B
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where h is the Planck constant and v is the Restsrahlen frequency as defined in our
earlier paper [13]
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where µ is the reduced mass and f is the molecular force constant given by
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with SRkk r( )φ ′  as the short-range nearest neighbor part of φ (r ). The primes over them
denotes the first- and second-order derivatives of the Rkk r( )φ ′  with respect to the
interionic separation (r ). Gruneisen parameter is calculated using the relation
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r r
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 ′′′−  =  ′′  . (9)
The results thus obtained are presented and discussed below.
3. Results and discussion
The unit cell parameters (a, b, c) in the space group Pnma are taken from the
reference [5] and we have converted the orthorhombic structure into a cubic structure
by converting lattice constants a, b, c of the orthorhombic structure into the simple
cubic perovskite lattice cell parameter (r) for the present compound [15]. The first term
of eq. (1) was calculated by using a computer programme in terms of Mn-Mn (r)
interionic distance of simple cubic perovskite cell. LaMnO3 has five atoms in the
asymmetric unit with La and O occupying the crystallographic sites 4(c), except for
one oxygen atom which is at general position 8(d) and Mn is at 4(a) position. For the
space group Pnma La/Ca, Mn, O1 and O2 atoms are located at (x, 0.25, z), (0, 0,
0), (x, 0.25, z) and (x, y, z). Whereas in cubic unit cell of side r the general location
of the atoms can be assigned as (0.5, 0.5, 0.5), (0, 0, 0), (0.5, 0, 0) and (0, 0.5,
0) for La/Ca, Mn, O1 and O2 atoms respectively. To convert the orthorhombic cell with
cell sides a, b, c, along x, y, z axis repectively to simple cubic unit cell of side r,
we use the following relations
a b c
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Further the distance between ion pairs are written in terms of r as
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where m, n, p are positive integers taking values from 0 to 50 with unit steps
successively and a, b, c are related to simple cubic cell side length r by eq. (10).
Similarly all others distance for the ion pairs Mn-Oy, Mn-Oz, Mn-La/Ca, Mn-Mn,
La/Ca-Ox, La/Ca-Oy, La/Ca-Oz in terms of r are used to calculate the lattice cohesive
energy term
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Here e is the electronic charge, ZMn, ZO are the formal valance of Mn and O ions
respectively and dMn-O is the distance between the ion pair as defined in eq. (11).
Similarly all other terms can be written and calculated in all the +x, –x, +y, –y, +z,
–z direction starting from a central Mn ion for at least 200 Å distance by varying m,
n, p from 0 to 50 using a simple computer program. For the repulsive part of the
potential the experimental values of interionic separation between La-O, Mn-O ions up
to next nearest neighbour is used along with cation anion radii of coordination number
9/6 and 6 respectively [16] (Table 1). The model parameters b and ρ for La0.25Ca0.75MnO3
are obtained using the basic perovskite cell parameter (r) and bulk modulus. The values
of b1 and ρ1 are the model parameters for the ion pairs Mn3+/Mn4+-O2– and those of
b2 and ρ2 are for the ion pairs La3+/Ca2+-O2–. As there is no reported value of bulk
modulus for this compound so the values of bulk modulus for the LaMnO3 and the
CaMnO3 are taken from literature [17,18] and the value of bulk modulus is calculated
at the required doping level. The input data along with model parameters (b1, ρ1 and
b2, ρ2) are given in Table 1. We have used eq. (1) to compute the cohesive energy
φ = –127.6 eV for La0.25Ca0.75MnO3. It was noticed while calculating the values of
cohesive energy that the contribution from the short range repulsion is less than 10%
of the total cohesive energy and the contribution of the van der Waal term is less than
2%.
Table 1. Input data and model parameters of La0.25Ca0.75MnO3 at
room temperature.
Input data Values Model parameters Values
a (10–10m) 5.3535 b1 × 10–19 (J) 0.67
(for Mn3+/Mn4+-O2–)
b (10–10m) 5.3522 ρ1 (10–10 m) 0.96
(for Mn3+/Mn4+-O2–)
c (10–10m) 7.4379 b2 × 10–19 (J) 2.7
(for La3+/Ca2+-O2–)
r (10–10m) 3.763 p2 (10–10 m) 3.8
(for La3+/Ca2+-O2–)
dLa-O (10–10m) 2.75
dMn-O (10–10m) 1.914
BT (GPa) 132
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We have also computed the molecular force constant f = 24.8 N/m, restsrahlen
frequency v0 = 10.2 THz, Debye temperature ΘD = 497.5 K and Grüneisen parameter
γ = 2.73 at room temperature. The value of Grüneisen parameter seems to be correct
since its value lies between 2 and 3 as reported earlier [22]. It is to be noted that
the higher value of Debye temperature indicate the higher phonon frequencies of
La0.25Ca0.75MnO3. These values are compared with the calculated and experimental
values [19–22] of the parent compound LaMnO3 in Table 2 to indicate the large effect
Table 2. Thermal properties of La0.25Ca0.75MnO3 at room temperature and their
comparison with the experimental and calculated values of LaMnO3.
Compound Φ (eV) f (N/m) v (THz) ΘD(K) γ
La0.25Ca0.75MnO3 –127.6 24.8 10.2 497.5 2.73
(2–3)d
LaMnO3 –135.3 17.9 6.8 315 2.16
–139.7a 8.58b (302)c (2–3)d
aRef. [19], bRef. [10],
 
cRef. [21], dRef. [22].
of heavy doping on the thermal properties of LaMnO3. It can be inferred from the
results on cohesive energy (Table 2) that the stability of doped compound is quite less
compared to the parent compound and this can be correlated to the observed
distortions of the lattice compared to the parent compound. In the Debye approach we
consider the vibrations of the collective positive ion lattice with respect to the negative
ion lattice. The frequency of vibration obtained by this model is also reported here as
restsrahlen frequency. It is compared with the value of parent compound LaMnO3. This
is clear from Table 2 that doping with Ca2+ increases the restsrahlen frequency of the
compound LaMnO3. The calculated value of Debye temperature could not be compared
due to lack of experimental data at this doping concentration but it is comparable to
the Debye temperature often observed in perovskite oxides of ABO3 type structure [23].
The value of Debye temperature is high compared to its value for the parent compound
which clearly predicts that doping increases the phonon frequency of the lattice.
Besides, we have calculated the specific heat of La0.25Ca0.75MnO3 over the
temperature range 10 K ≤ T < 300 K. Here, the calculated specific heat values for
La0.25Ca0.75MnO3 are depicted in Figures 1, 2 and 3 and are compared with the values
of LaMnO3 (Figure 1) and experimental values of La0.25Ca0.75MnO3 (Figures 2 and 3)
respectively.
The La0.25Ca0.75MnO3 is labeled as LCMO(x = 0.75) and has the major
contribution to its specific heat coming from lattice and a small contribution is due to
charge ordering observed at this doping concentration. It can be written as
C T C3β ′= + (15)
where first term is lattice contribution due to phonons which has been calculated by
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Figure 1. Specific heat of La0.25Ca0.75MnO3 is represented by solid line (–) and dashed line (- - - - ) represents the
specific heat of LaMnO3.
using the approach given in Section 2 and second term is excess specific heat due
to charge ordering.
Figure 1 shows the comparison of temperature dependence of lattice specific
heat of La0.25Ca0.75MnO3 with that of parent compound LaMnO3. It is observed from
Figure 1 that the calculated values of specific heat for La0.25Ca0.75MnO3 are less than
the values for the parent compound LaMnO3. The specific heat of La0.25Ca0.75MnO3 was
Figure 2. Present specific heat of La0.25Ca0.75MnO3 (— with • ) and the measured data of Qian et al [4] (symbol)
in the temperature range 10 K ≤ T ≤ 300 K.
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determined by Quin et al [4] in the temperature range 50 to 300 K technique and by
Zheng et al [6] in the range 10 K to 300 K using the relaxation. We have compared
our lattice specific heat values with the experimental curves of Quin et al in Figure 2
and with Zheng et al in Figure 3. It is clear from Figure 2 and Figure 3 that the
specific heat values of La0.25Ca0.75MnO3 revealed by using interionic potential of Section
2 are in reasonably good agreement with the available experimental data.
Although, our calculated values of specific heat depart from the experimental
values at higher temperatures as the excess specific heat (C ′) due to charge ordering
can not be estimated from our model, the fair agreement at lower temperatures with
experimental data indicates that the bulk of specific heat indeed comes from the
lattice.
For the charge ordered cases of x = 0.75, our results are the first reported
values of lattice specific heat in this temperature range. This analysis can help in
estimating the excess specific heat due to charge ordering at these temperatures. On
the basis of above discussion it can be concluded that heavy cation doping at the
A-site changes the thermal properties of LaMnO3 in a very significant manner. The
compound becomes less stable by heavy doping and its specific heat reduces
appreciably.
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